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Free-space communication links are severely affected by atmospheric turbulence, which causes degrada-
tion in the transmitted signal. One of the most common solutions to overcome this is to exploit diversity.
In this approach, information is sent in parallel using two or more transmitters that are spatially sepa-
rated, with each beam therefore experiencing different atmospheric turbulence, lowering the probability
of a receive error. In this work we propose and experimentally demonstrate a generalization of diversity
based on spatial modes of light, which we have termed modal diversity. We remove the need for a phys-
ical separation of the transmitters by exploiting the fact that spatial modes of light experience different
perturbations, even when travelling along the same path. For this proof-of-principle we selected modes
from the Hermite-Gaussian and Laguerre-Gaussian basis sets and demonstrate an improvement in Bit
Error Rate by up to 54%. We outline that modal diversity enables physically compact and longer distance
free space optical links without increasing the total transmit power.
OCIS codes: (060.2605) Free-space optical communication; (010.1300) Atmospheric propagation; (030.7060) Turbulence.
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Free Space Optical (FSO) communication has been the subject of
significant research in recent years due to the impending capac-
ity crunch [1]. Using FSO communications between buildings
and even for Earth to satellite communications is of primary
interest because of ultra high bandwidth capabilities when tech-
nologies such as Mode Division Multiplexing (MDM) are em-
ployed [2, 3]. Here, several orthogonal modes are used, each
carrying a separate data stream to multiply the overall data
rate of a system. Historically only the azimuthal subset of the
Laguerre-Gauss (LGp` ) basis has been utilised, specified by mode
index `, which relates to the orbital angular momentum of each
photon, `h¯. The use of the radial LG index, p, is uncommon but
is required to harness the full capacity of the basis [4, 5]. The
Hermite-Gauss (HGmn ) basis can also be used for MDM and is
specified by mode indices n and m, and beyond scalar modes,
Cylindrical Vector Vortex (CVV) modes have also been the sub-
ject of attention for optical communications in both free space
and optical fibres [6–8].
Upon propagation through the atmosphere, turbulence dis-
torts the wave-front, amplitude and phase of the launched
modes, called fading. Fading leads to errors in a communi-
cation system with a certain probability, and hence deteriorates
the overall performance. In an MDM system this fading may
also manifest as crosstalk between channels. Fading is obviously
dependent on the path that the beam propagates through and
so when several independent paths are used, typically with a
separation of at least r0 (the Fried Parameter, which is a mea-
sure of the transverse distance over which the refractive index is
correlated [9]), the probability of error is typically reduced [10].
This is the basis for what is known as diversity and the so-called
diversity gain can often be predicted by using probabilistic mod-
els applied to a range of mode types [11–17]. Diversity can be
considered the complement to MDM, reducing errors rather
than increasing capacity. Yet while MDM has been extensively
studied, the specific use of optical modes for diversity has not
been studied before.
In this letter, we break the paradigm that diversity requires
beams to propagate along differing paths in space. Instead,
we demonstrate that modes of different spatial profiles are per-
turbed differently by atmospheric turbulence, and hence care-
fully chosen modes will result in a diversity gain even if they
propagate on the same path, a concept we refer to as modal diver-
sity. Inspired by recent demonstrations of the robustness of HG
modes in turbulence [18], we provide an experimental demon-
stration of atmospheric turbulence mitigation using modal diver-
sity with orthogonal LG and HG co-propagating modes without
r0 aperture separation. With this novel diversity method, the
resilience of free-space optical links can be engineered by a ju-
dicious choice of the spatial modes, enabling more reliable and
longer distance communications, addressing a major drawback
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of FSO communications when compared to radio.
In a typical diversity model, multiple transmitters (lasers)
transmit identical signals, xi(t), at the same time with intensity
gi. These signals propagate through separate channels repre-
sented by channel impulse responses, hi(t). The signal is then
detected by a single receiver (photodiode) with receiver sensitiv-
ity, r. The resulting received signal, y(t) is then found from
y(t) = r∑
i
gixi(t) ∗ hi(t) + n(t). (1)
where an Additive White Gaussian Noise (AWGN) component,
n(t), may be incorporated. Traditionally, “separate channels”
means separate paths, which in turbulence means a physical
separation of at least r0. Now we will alter this paradigm to
interpret “separate channels” as distinct modes with differing
behaviour in turbulence.
If the signal is strong then the contribution of noise to errors
is insignificant and the dominant cause of errors is the channel
gain itself. If the channel gains are statistically independent then
we can write the overall probability of an error in the diversity
case as
Pr[Ediversity] =∏
i
Pr[Ei], (2)
where the probability of an error occurring for the ith channel is
defined as Pr[Ei]. This always results in a lower probability of
error than a single channel case (since Pr[Ei] ≤ 1). This standard
diversity scheme is similar to Equal Gain Combining (EGC) and
will only show a diversity gain if the individual channels are
statistically independent [19].
To implement the above using modal diversity, identical or-
der yet orthogonal HGmn and LG
p
` beams were chosen, motivated
by the fact that HG modes are robust to tip/tilt which are the
primary aberrations of atmospheric turbulence [18]. The order
of the beams is given by N = n+m = 2p+ |`| for HG and LG
beams respectively. The completeness property of both bases
allow us to express any element of one basis as a linear combina-
tion of elements from the other basis using the transformation
relations below [20]:
LGn,m(x, y, z) =
N
∑
k=0
ikb(n,m, k)HGN−k,k(x, y, z) (3)
b(n,m, k) =
[
(N − k)!k!
2Nn!m!
]1/2 1
k
dk
dtk
[(1− t)n(1+ t)m]|t=0 (4)
The LG modes have been written in terms of n and m, which
are indices typically used for HG modes. Traditionally, LG
modes are given in terms of azimuthal index ` and radial index
p, which can be recovered as ` = n−m and p = min(n,m). For
example, the LG12 mode may be written as
LG12 =
1
2
HG04 −
i
2
HG13 + 0× HG22 −
i
2
HG31 −
1
2
HG40 . (5)
Notice that the HG22 component has a zero weighting, making
the HG22 mode orthogonal to the LG
1
2 mode. Figure 1 shows an
experimental test of this orthogonality. Conveniently, both of
these modes have an order of N = 4, however, not all LG modes
contain an orthogonal HG mode with the same mode order, and
vice versa. Similarly, HG44 is orthogonal to LG
1
6 with N = 8.
Both of these mode sets were tested in the experiment.
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Fig. 1. Experimental demonstration of the orthogonality of
HG22 and LG
1
2 modes with no turbulence (SR=1.0) and slight
turbulence (SR=0.95). On the left, only an HG22 is transmitted
and it is clear that there is no LG12 component after modal de-
composition. Similarly, on the right there is an LG12 component
but no HG22 component in the decomposed beam.
The experimental setup consisted of two laser diodes which
were individually modulated with identical On-Off Keying
(OOK-NRZ) signals. The modulation was intentionally done
at low bandwidth to avoid non-ideal variables related to high
bandwidth communication. As shown in Fig. 2, each beam was
transformed using a Spatial Light Modulator (SLM) into either
an LG or HG mode. The first diffraction order from each SLM
was spatially filtered and both beams were then combined using
a beam splitter to propagate co-linearly. Kolmogorov turbulence
and modal decomposition were performed by another SLM
[21, 22]. Finally, the resulting beam was filtered using a 50 µm
precision pinhole after which the intensity was measured by a
photodiode for demodulation. The experiment was performed
with varying turbulence strengths corresponding to a range of
atmospheric coherence lengths (r0) from 0.1 to 17 mm. These
coherence lengths correspond to the Strehl Ratios 0.01 to 0.9
when applied to the beams with mode order N = 4. For each
turbulence strength and each mode, one million random bits
were tested against 1024 random Kolmogorov phase screens.
The Bit Error Rate (BER) was then determined for each test case.
Each mode was first tested individually at a specific intensity in
a conventional Single Input Single Output (SISO) configuration
to determine baseline BER performance for the experimental
setup without diversity. Transmit diversity was then tested by
transmitting a random bit-stream over the HG and LG modes
simultaneously. It is important to note that in the diversity case
half of the SISO intensity was used for each transmitter, resulting
in the same total intensity as in the SISO case at the receiver. This
is done to ensure a fair Signal to Noise Ratio comparison to the
SISO case.
The bit error rate results versus turbulence strength (r0) are
shown in Figs. 3 and 4. It is clear that the BER of the EGC case is
on average 23% better than that of the LG SISO case for almost
all turbulence strengths. At the weakest turbulence strength, the
improvement in diversity BER over both SISO cases is 54%. Due
to the fact that the signal powers were normalised, this can only
be due to a diversity gain.
Interestingly, the HG case is noticeably better than the LG case
at medium turbulence strengths. Given that tip/tilt is the dom-
inant aberration in atmospheric turbulence, this result agrees
with the findings in Ref. [18] which demonstrate that HG modes
are more resilient to tip/tilt aberrations than LG modes. At
weaker turbulence strengths, characterised by smaller D/r0 val-
ues, the difference between HG and LG is no longer clearly
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Fig. 2. Experimental setup showing two transmitters and a single receiver for transmit diversity. The insets to the right are holo-
grams for (a) generating an LG12 beam, (b) generating an HG
2
2 beam, (c) superposition of the aforementioned holograms and (d)
example turbulence with a grating with SR=0.7. The grey area on the holograms is due to complex amplitude modulation.
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Fig. 3. Bit Error Rate of modes with order N = 4 with vary-
ing turbulence strength showing a clear improvement for the
diversity case (solid lines). The vertical line indicates the ap-
proximate size of the beams.
visible. This is expected because the effect of turbulence has
become negligible. The diversity gain is still present because of
the independent nature of the effect of turbulence on the HG
and LG modes.
These results can be put into context by calculating the ef-
fective propagation distance gain at a specific BER [21]. If Kol-
mogorov turbulence is assumed, then we can write r0 as a func-
tion of C2n, the refractive index structure parameter, the wave-
length, λ, and the propagation distance, z:
r0 = 0.185
(
λ2
C2nz
)3/5
(6)
This equation can then be solved for z, resulting in:
z ≈ 0.0600647λ
2
C2nr
5/3
0
(7)
In this experiment, λ = 660 nm and a typical value for C2n is
10−14 m−2/3 in strong turbulence [21]. Three arbitrary BERs
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Fig. 4. Bit Error Rate of modes with order N = 8 with vary-
ing turbulence strength showing a clear improvement for the
diversity case (solid lines).
were selected and in Table 1 the corresponding r0 values are
provided. From Eq. 7, the corresponding theoretical propaga-
tion distances are also shown. It is clear that significant im-
provements in propagation distance are possible using modal
diversity.
Traditionally, diversity has been theoretically and experimen-
tally demonstrated with a r0 (or greater) separation between
transmit and/or receive apertures. In this work we have out-
lined the concept of modal diversity, and shown that a significant
diversity gain can in fact be achieved in a far more compact sys-
tem, without r0 separation between apertures or beams. While
we have used orthogonal HG and LG modes of the same order
for the demonstration, we expect modal diversity to be observed
in any system with judiciously selected mode sets, whether dif-
fering in mode order, size or mode type. We speculate that it
should be possible to formalise the concept of “separate” in
terms of a newly defined modal distance, rM, akin to the previ-
ous definition in terms of a physical distance, r0. That is, how far
would two modes have to be separated by in mode space, rM,
in order to ensure the same gain as a physical separation of r0?
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Bit Error Rate 0.04 0.08 0.15
LG12 r0 (mm) 16.6 10.2 4.5
Diversity r0 (mm) 12.8 7.4 2.68
LG12 Distance (km) 0.24 0.55 2.13
Diversity Distance (km) 0.37 0.93 5.06
Distance Gain (%) 54 71 137
Table 1. Example relations between r0 and the equivalent
propagation distance, z, with C2n = 10−14 m−2/3 for selected
BERs according to Eq. 7 for the LG and diversity cases show-
ing a clear improvement for the diversity case.
Importantly, the measured diversity gain is shown to increase
the allowable propagation distance (determined by an accept-
able error rate) by a significant margin at both strong and weak
turbulence strengths. This finding can be used to significantly
improve future FSO communication links in terms of range and
reliability.
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